3′UTR

:   3′ untranslated region

5‐AzaC

:   5‐Aza‐2′‐deoxycytidine

ABC

:   ATP binding cassette

AKT

:   protein kinase B

ALX4

:   homeobox protein aristaless‐like 4

ANOVA

:   analysis of variance

Bcl‐2

:   B‐cell lymphoma 2

BMP

:   bone morphogenic protein

CAR(T)

:   chimeric antigen receptor T
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CCND1

:   cyclin D1

CD276

:   cluster of differentiation 276 (B7‐H3)

CDK4

:   cyclin‐dependent kinase 4

CDK6

:   cyclin‐dependent kinase 6

EGL

:   extracellular granule layer

EMT

:   epithelial‐mesenchymal transition

FACs

:   fluorescence‐activated cell sorting

FISH

:   fluorescence *in situ* hybridization

GCP

:   granule cell precursor

IHC

:   immunohistochemistry

i(17q)

:   isochromosome 17q

JAK2

:   Janus kinase 2

miR

:   microRNA

miR‐1253

:   microRNA 1253

MB

:   medulloblastoma

MDR

:   multiple drug resistance

MMP‐2

:   matrix metalloproteinase‐2

MMP‐9

:   matrix metalloproteinase‐9

Nl

:   normal

Non‐SHH/WNT

:   non‐sonic hedgehog/non‐wingless

NSCLC

:   non‐small cell lung cancer

pAKT

:   phosphorylated protein kinase B

PARP

:   poly ADP ribose polymerase

PCR

:   polymerase chain reaction

Ped

:   pediatric

PI3K

:   phosphoinositide 3‐kinase

RNA

:   ribonucleic acid

si‐CD276

:   silencing‐CD276

si‐CDK6

:   silencing‐CDK6

SHH

:   sonic hedgehog

SCP1

:   small C‐terminal domain phosphatase 1

SD

:   standard deviation

STAT3

:   signal transducer and activator of transcription 3

TGIF2

:   TGFB induced factor homeobox 2

VEGF

:   vascular endothelial growth factor

WHO

:   World Health Organization

WNT

:   wingless

INTRODUCTION {#bpa12829-sec-0001}
============

Medulloblastoma (MB), an embryonal neuroepithelial tumor, is the most common malignant brain tumor of childhood, accounting for 20% of all intracranial tumors and up to 40% of all posterior fossa tumors ([43](#bpa12829-bib-0043){ref-type="ref"}). International consensus recognizes four major molecular subgroups of medulloblastoma: WNT (wingless), SHH (sonic hedgehog), Group 3 and Group 4, each with distinct cytogenetics, mutational and transcriptomic signatures and clinical outcomes ([38](#bpa12829-bib-0038){ref-type="ref"}, [41](#bpa12829-bib-0041){ref-type="ref"}). However, these primary subgroups can be further subdivided into at least 12 subtypes based on unique molecular and clinical features influencing overall risk and survivability ([7](#bpa12829-bib-0007){ref-type="ref"}).

Despite the molecular heterogeneity amongst subgroups, with WNT and SHH being discrete and groups 3 and 4 sharing molecular and biological similarities, the WHO currently classifies the latter two provisionally as non‐SHH/WNT medulloblastomas ([27](#bpa12829-bib-0027){ref-type="ref"}). These two subgroups not only share shorter 5‐year survival fueled by high rates of metastasis at diagnosis and recurrence but also characteristic aberrations of chromosome 17 ([3](#bpa12829-bib-0003){ref-type="ref"}, [10](#bpa12829-bib-0010){ref-type="ref"}, [19](#bpa12829-bib-0019){ref-type="ref"}, [35](#bpa12829-bib-0035){ref-type="ref"}, [39](#bpa12829-bib-0039){ref-type="ref"}, [41](#bpa12829-bib-0041){ref-type="ref"}, [48](#bpa12829-bib-0048){ref-type="ref"}). Haploinsufficiency of 17p13.3 has been reported in up to 50% of non‐SHH/WNT MB cases and has been correlated with poor prognosis ([4](#bpa12829-bib-0004){ref-type="ref"}, [9](#bpa12829-bib-0009){ref-type="ref"}, [13](#bpa12829-bib-0013){ref-type="ref"}, [31](#bpa12829-bib-0031){ref-type="ref"}). Chromosomal mapping and microdeletion studies of 17p13.3 have revealed a number of putative tumor suppressor genes on this locus, including 3 micro RNAs (Supporting Information Figure [S1A](#bpa12829-sup-0001){ref-type="supplementary-material"}). However, their role in the pathogenesis of non‐SHH/WNT MB remains unstudied.

MicroRNAs (miRNAs) negatively regulate gene expression by binding to the 3′‐ untranslated region (3′‐UTR) of target mRNAs ([1](#bpa12829-bib-0001){ref-type="ref"}). Over 70% of documented miRNAs have been detected within the developing brain, possessing the dichotomous capabilities of triggering and suppressing growth in a development‐regulated fashion. For instance, let‐7, an important player in embryonic neurogenesis, exerts an anti‐proliferative effect on glioblastoma cell growth ([22](#bpa12829-bib-0022){ref-type="ref"}). Similarly, miR‐124, a neuronal fate‐determinant miRNA, can suppress the small C‐terminal domain phosphatase 1 (SCP1) pathway, allowing for neuronal differentiation ([46](#bpa12829-bib-0046){ref-type="ref"}). In astrocytes, however, it can suppress and prevent the proliferation of glioblastoma and medulloblastoma cells by inhibiting the expression of CDK6 ([37](#bpa12829-bib-0037){ref-type="ref"}). MiR‐1253, which is found on the terminal end of 17p13.3, is not only brain enriched but plays a critical role in cerebellar development by regulating the expression of bone morphogenic proteins (BMPs) whose secretion encourages the proliferation of granule cell precursors (GCPs) that populate the developing external granule layer (EGL) ([49](#bpa12829-bib-0049){ref-type="ref"}).

Given the intimate involvement of miRNAs in growth and development, aberrant expression of miRNA has been associated with neoplasia. In fact, over 50% of miRNAs have been discovered in cancer‐related hotspots ([52](#bpa12829-bib-0052){ref-type="ref"}). To date, significant deregulation of miR‐1253 has been reported in non‐small cell lung carcinoma (NSCLC), osteosarcoma, pancreatic cancer and male breast cancer ([18](#bpa12829-bib-0018){ref-type="ref"}, [25](#bpa12829-bib-0025){ref-type="ref"}, [34](#bpa12829-bib-0034){ref-type="ref"}, [51](#bpa12829-bib-0051){ref-type="ref"}). In NSCLC, low miR‐1253 expression was linked with advanced clinical stage and metastasis. Aside from poorer prognosis, patients with lower miR‐1253 expression suffered higher mortality ([25](#bpa12829-bib-0025){ref-type="ref"}). In SHH subgroup MB, putative oncogenic targets for miR‐1253 have been isolated, including ALX4 and TGIF2, which are known activators of cyclin D1 and c‐myc expression, both mediators of cell proliferation and known negative prognostic markers in medulloblastoma ([21](#bpa12829-bib-0021){ref-type="ref"}). Moreover, miR‐1253 was shown to regulate multiple drug resistance (MDR) in breast cancer by targeting the ABC drug transporter family of genes ([2](#bpa12829-bib-0002){ref-type="ref"}).

Taken together, these studies implicate a tumor‐suppressive role for miR‐1253 in these various cancers. However, its role in medulloblastoma remains unstudied. Epigenetic silencing of this gene could result in unopposed proliferative action of BMP's, subsequently triggering a phenotypic transformation into medulloblastoma. Based on its position on 17p13.3, we hypothesized that miR‐1253 possesses novel tumor suppressor qualities in medulloblastoma.

MATERIALS AND METHODS {#bpa12829-sec-0002}
=====================

Human tissue samples {#bpa12829-sec-0003}
--------------------

Frozen and formalin‐fixed paraffin‐embedded (FFPE) samples of normal cerebellar ([17](#bpa12829-bib-0017){ref-type="ref"}) and tumor specimens ([38](#bpa12829-bib-0038){ref-type="ref"}) were collected from the Children's Hospital and Medical Center, Omaha and the University of Nebraska Medical Center after Institutional Review Board approval. Because of the exempt status of study, informed consent was not needed. All tumor samples were obtained from patients in the pediatric age group (WNT--1, SHH--7, Grp 3--9, Grp 4--14, unknown--7). Normal cerebellum specimens were obtained from both pediatric ([12](#bpa12829-bib-0012){ref-type="ref"}) and adult ([5](#bpa12829-bib-0005){ref-type="ref"}) patients at autopsy.

Cell lines {#bpa12829-sec-0004}
----------

Human medulloblastoma cell lines, DAOY, D283 and D341, were purchased from ATCC (Manassas, VA); D425 and D556 were kind gifts from Darell Bigner (Duke University Medical Centre, Durham, NC); D458 was a kind gift from Rajeev Vibhakar (Children\'s Hospital Colorado, Aurora, CO); HDMB03 was a kind gift from Till Milde (Hopp Children's Tumor Center, Heidelberg, Germany). Cell line genotyping was verified by methylation profiling (New York University) and short tandem repeat (STR) DNA profiling (UNMC).

Cell culture {#bpa12829-sec-0005}
------------

DAOY, D283, D341, D425, D458 and D556 cell lines were maintained in DMEM supplemented with 10%--20% FBS and 100 µg/mL penicillin/streptomycin; HDMB03 cells were cultured in RPMI containing 10% FBS and 100 µg/mL penicillin/streptomycin. Untransformed Normal Human Astrocytes (NHA) were purchased from Lonza Bioscience (Walkersville, MD) and grown in ABM basal medium supplemented with growth factors (Lonza Biosciences). Cells were maintained in 95% humidity, 37°C, 5% CO~2~.

Reagents {#bpa12829-sec-0006}
--------

MiR‐1253 mimic, inhibitor, and scramble negative control were purchased from ThermoFisher Scientific (mirVana™ miRNA Mimic, mirVana™ miR‐1253 Inhibitor, Mimic Negative Control, respectively). The appropriate silencing RNA was obtained from ThermoFisher Scientific for CDK6 (CDK6 Silencer™ Pre‐Designed siRNA), CD276 (CD276 Silencer™ Pre‐Designed siRNA**)**, and control (Silencer™ Negative Control).

MicroRNA quantification {#bpa12829-sec-0007}
-----------------------

Total RNA was reverse transcribed with stem‐loop primers specific for miR‐1253 (Applied Biosystem) and the internal control RNA U6B (Applied Biosystem) using the TaqMan™ microRNA Reverse Transcription Kit (Applied Biosystem) following the manufacturer's protocol. All polymerase chain reaction (PCR) experiments were performed in a One‐step Real‐time PCR System (Applied Biosystems). The level of miR‐1253 was quantified and normalized to RNU6B using the delta‐delta *Ct* method.

Functional *in vitro* studies {#bpa12829-sec-0008}
-----------------------------

Medulloblastoma cells were transfected using Lipofectamine 2000 (Invitrogen). Briefly, cells at a density of 1 × 10^6^ were seeded in 6‐well plates for 24 h and subsequently serum‐starved for 4 h prior to transfection. Cells were transfected with miR‐1253 mimic or inhibitor (50 vs. 100 nM) or scramble control (50 nM) with Lipofectamine for 24 h. Assays were performed after reseeding cells in complete media at 24--72 h. Hereafter, cell viability, wound healing, migration, proliferation and colony‐formation assays were performed based on manufacturer recommendations.

Cell proliferation assay {#bpa12829-sec-0009}
------------------------

Cell proliferation was determined using MTT \[3‐(4, 5‐dimethylthiazol‐2‐yl)‐2, 5‐diphenyl‐ 2H‐tetrazolium bromide\] in DAOY, D283, D341 and HDMB03 and WST‐1 in D425. Assays were performed 24--72 h after transfection. Absorbance was measured using a microplate reader at 570 nm (MTT assay) and 440 nm (WST‐1 assay); data were analyzed using the SOFTMAX PRO software (Molecular Devices Corp., Sunnyvale, CA, USA). Assays were performed in triplicates.

Colony formation assay {#bpa12829-sec-0010}
----------------------

Transfected cells were reseeded in triplicates at a density of 1000 cells/well in 6‐well plates. Cells were grown for 7--10 days in a humidified atmosphere (95% humidity) at 37°C and 5% CO~2~. Cells were washed, fixed with 2.5% methanol and stained with 0.5% crystal violet. Stain was extracted using 10% acetic acid and absorbance was quantified at 590 nm. Cell counts were measured from 2 wells per assay done in triplicates.

Cell migration and invasion {#bpa12829-sec-0011}
---------------------------

Transfected cells were reseeded at a density of 5 × 10^5^ cells in the upper chamber of an insert (8‐mm pore size; BD Bioscience) coated with either Fibronectin (BD Bioscience) or Matrigel (Invasion Chamber Matrigel Matrix); media containing 10% FBS (chemoattractant) was added to the lower chamber. After overnight incubation (16 hours), migrated/invaded cells in the lower chamber were stained (Diff‐Quik Stain Set, Siemens Healthcare Diagnostics, Inc., Newark, DE) and quantitated. Images were captured and counted using an EVOS FL Auto Imaging System at 10× magnification (EVOS FL Auto, Life Technologies). Cell counts were measured from 3 wells per assay done in triplicates.

Wound healing {#bpa12829-sec-0012}
-------------

Transfected cells were plated in triplicates in a 6‐well plate at a density of 1 × 10^6^ cells/well. Cells were grown to 80% confluency and a vertical scratch was made using a 200 µL pipette tip. Cells were incubated in a growth medium containing 5% serum. The wound area was quantified at 24 and 48 h after transfection, using an EVOS FL Auto Imaging System at 10× magnification (EVOS FL Auto, Life Technologies). Percent wound closure was determined by taking 3 measurements per scratch in assays done in triplicates.

Annexin V‐FITC/PI analysis {#bpa12829-sec-0013}
--------------------------

Apoptosis and cell cycle were measured by Annexin‐V/Cy™5 (BD Biosciences) and propidium iodide (Roche Diagnostics) staining as per manufacturer's protocol. Briefly, cells were transfected with miR‐1253 mimic or scramble control for 96 h. Cells were then harvested, washed, resuspended in calcium‐binding buffer and double‐stained with Annexin‐V/Cy™5 and propidium iodide (for apoptosis) or fixed with 70% ethanol and single stained with propidium iodide (for cell cycle analysis). Cells were analyzed using a FACS Canto™ flow cytometer (BD Bioscience).

Western blotting {#bpa12829-sec-0014}
----------------

For apoptosis, the following 1° antibodies were used: PARP, Cleaved PARP, Cleaved Caspase‐3, Caspase‐3, and Bcl‐2 (Cell Signaling Technologies); for proliferation: cyclin D1, CDK4, CDK6, pAkt‐ser473 (Cell Signaling Technologies) and total Akt (Santa Cruz Biotechnology). Membranes were incubated with corresponding anti‐rabbit or anti‐mouse IgG conjugated with horseradish peroxidase (HRP) secondary antibody (1:5000; Invitrogen). Proteins were visualized using ECL reagents (Thermofisher).

Dual‐luciferase reporter assay {#bpa12829-sec-0015}
------------------------------

Primers for wild‐type 3′UTR CDK6 (forward: 5′‐TCTTCATTCACACCGAGTAGTGC‐3′ and reverse: 5′‐TGAGGTTAGAGCCATCTGGAAA‐3′) and CD276 (forward: 5′‐CTGGCTTTCGTGTGCTGGAGAA‐3′ and reverse: 5′‐GCTGTCAGAGTGTTTCAGAGGC‐3′) were designed (<https://www.ncbi.nlm.nih.gov/tools/primer-blast/>) and purchased (Eurofins); β‐actin served as the internal control (forward: 5′‐CACCATTGGCAATGAGCGGTTC‐3′ and reverse: 5′‐AGGTCTTTGCGGATGTCCACGT‐3′). Mutations were created within the seed sequence of CDK6 and CD276. Wildtype and mutant 3′UTR genes were PCR‐amplified and inserted into the XbaI restriction site of pGL3‐control vector (Promega). A reporter assay was performed using HDMB03 cells seeded at a density of 3 × 10^5^ cells/well in 12‐well plates. Cells were co‐transfected with pRL‐TK plasmid (Promega), as the internal control, and miR‐1253 mimic or scramble control for 48 h. Luciferase activity was then measured using the Dual‐Luciferase Reporter Assay System with a Luminometer (Biotek). Firefly luciferase activity was normalized to *Renilla* luciferase activity for each transfected‐cell sample.

Target prediction {#bpa12829-sec-0016}
-----------------

*In silico* analysis of putative miR‐1253 targets employed miRNA target databases, i.e., Targetscan (<http://www.targetscan.org>), miRDB (<http://www.mirdb.org>) and miRanda (<https://omictools.com/miranda-tool>). Common targets were subsequently compared to genes downregulated upon miR‐1253 transfection of HDMB03 cells at a concentration of 100 nM. This comparison yielded a set of putative targets for miR‐1253.

*In situ* hybridization & immunohistochemistry {#bpa12829-sec-0017}
----------------------------------------------

Under RNase‐free conditions, *in situ* hybridization was carried out in pediatric control cerebellum and tumor samples using locked nucleic acid miRNA detection probes for miR‐1253 (5′‐AGAGAAGAAGAUCAGCCUGCA‐3′), scramble negative control and U6 snRNA‐positive control (QIAGEN) following manufacturer's recommendations. For IHC, deparaffinization was first performed followed by peroxidase quenching and overnight incubation with respective primary antibodies viz. CDK6, rabbit monoclonal antibody (1:100) and CD276 rabbit monoclonal antibody (1:100). Detection was performed with DAB Peroxidase Substrate Kit (Vector Labs) followed by counterstaining with hematoxylin (Fisher Scientific). Sections were visualized under EVOS FL Auto Imaging System (EVOS FL Auto, Life Technologies). Staining for miR‐1253 (nuclear, blue), CDK6 (nuclear, brown) and CD276 (cytoplasmic, brown) were scored by a blinded pathologist. Staining intensity for ISH was designated positive for signal visible at 10×, weakly positive for signal visible at 20--40×, or negative for no visible signal at 10×. For IHC, staining intensity was scored from 0 to 3, where signal detected at 10× was 3+, at 20× was 2+, at 40× was 1+, and no detection was 0. The percentage positive cells was scored from 1 to 4, where \<25% scored 1, 25%--50% scored 2, 50%--75% scored 3; and \>75 scored 4. Composite score was derived from the product of staining intensity and % positive cells (0--12).

DNA methylation profiling and tumor classification {#bpa12829-sec-0018}
--------------------------------------------------

Genome‐wide DNA methylome analysis was carried out on each DNA sample using the Illumina MethylationEPIC 850K bead arrays ([36](#bpa12829-bib-0036){ref-type="ref"}). Areas with the highest available tumor content were selected. DNA extraction was carried out using the automated Maxwell system (Promega, Madison, USA). DNA methylation was performed according to the manufacturer's instructions at the NYU Molecular Pathology laboratory as described previously ([45](#bpa12829-bib-0045){ref-type="ref"}). Molecular subclassification was performed utilizing a cloud‐based DNA methylation classifier as described previously ([6](#bpa12829-bib-0006){ref-type="ref"}). From the raw array intensities, methylation beta values at each CpG were determined using the RnBeads software platform (<http://rnbeads.mpi-inf.mpg.de/>) including steps for quality control and normalization. The resulting beta values were multiplied by 100, as an estimate of percent methylation at each CpG measured. These values were aligned with the Illumina EPIC‐methylation annotation.

De‐methylation Studies (*in vitro*) {#bpa12829-sec-0019}
-----------------------------------

HDMB03 and D425 cells were seeded at a density of 1 × 10^6^ in 6‐well plates. Cells were treated with varying concentrations (1--5 μM) of the global de‐methylating agent, 5‐Aza‐2′‐deoxycytidine (Sigma). HDMB03 and D425 cells were treated with 5‐Azac (5 µM). Following 96 h of incubation, miR‐1253 expression was analyzed. Separately, HDMB03 and D425 cells were first transfected with a specific miR‐1253 inhibitor or scramble control for 24 h and then treated with 5 μM 5‐AzaC for up to 96 h. Inhibition of proliferation was measured by the MTT (HDMB03) or WST‐1 (D425) assays.

Statistical analysis {#bpa12829-sec-0020}
--------------------

All *in vitro* experiments were performed in triplicates and repeated at least once. Data are displayed as mean ± SD unless otherwise specified. Statistical analyses were performed using Prism 7.0b (GraphPad Software). For multiple comparisons, a one‐way analysis of variance was used. For two‐group comparisons, depending on data distribution, a two‐tailed, unpaired Student's *t*‐test or Mann‐Whitney *U* test was used. Statistical significance was established at *P* \< 0.05. For normalization of data, the control was set at "1" and experimental groups were compared to control with error bars reflecting deviation from mean triplicate measurements; statistical analyses were conducted prior to normalization.

RESULTS {#bpa12829-sec-0021}
=======

MiR‐1253 expression is deregulated in medulloblastoma {#bpa12829-sec-0022}
-----------------------------------------------------

MiR‐1253 is located on chromosome 17p13.3, a locus sustaining cytogenetic mutations in over 50% of group 3 and 4 MB. ([4](#bpa12829-bib-0004){ref-type="ref"}, [9](#bpa12829-bib-0009){ref-type="ref"}, [13](#bpa12829-bib-0013){ref-type="ref"}, [31](#bpa12829-bib-0031){ref-type="ref"}) Known to be enriched in the cerebellum (<http://genome.ucsc.edu/human_miR_1253_expression>), an observation that would align with its purported role in cerebellar development ([49](#bpa12829-bib-0049){ref-type="ref"}), we first compared miR‐1253 expression in total medulloblastoma (MB) and normal cerebellum using online databases and a local cohort of samples. We noted that miR‐1253 expression was downregulated significantly in medulloblastoma samples and across subgroups (Figure [1A--C](#bpa12829-fig-0001){ref-type="fig"}). We further confirmed this expression deregulation in both SHH‐type (DAOY) and non‐SHH/WNT type (Grp3‐D341, D425, D458, D556, HDMB03; Grp3/4 D283) cell lines; the latter were chosen because of the presence of the i17q mutational signature and high myc‐producing phenotype characteristic of Groups 3 and 4 MB (Figure [1D](#bpa12829-fig-0001){ref-type="fig"}). We concluded our expression analysis by demonstrating that medulloblastoma samples expressed a much lower signal of *ISH* probe to miR‐1253 as compared with normal cerebellum samples (Figure [1E](#bpa12829-fig-0001){ref-type="fig"}, Supporting Information Figure [S1B](#bpa12829-sup-0001){ref-type="supplementary-material"}).

![*MiR‐1253 expression deregulation in medulloblastoma*. **A**. MiR‐1253 expression analysis by Nanostring applied to CSF from normal cerebellum (CB n = 14) and medulloblastoma (MB n = 15) patients (Alessandra *et al*, [gse62381](http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=gse62381)). **B**. Relative expression of miR‐1253 by real‐time reverse transcriptase PCR normalized to U6b expression in total medulloblastoma specimens (MB n = 28) compared to normal cerebellum (CB n = 16). **C**. Subgroup‐specific comparison (SHH n = 5, Grp3 n = 9, Grp4 n = 14) to normal cerebellum (ped CB n = 11, adult CB n = 5). **D**. Similar comparison in 7 well‐studied medulloblastoma cell lines compared to normal human astrocytes (NHA). **E**. *In situ* hybridization analysis of normal cerebellum (n = 13) vs. medulloblastoma (n = 21). Representative micrographs at 10× magnification; scale bars 400 μm. Data presented as mean ± SD and analyzed using (**A**) Mann‐Whitney *U*, (**B**) Student's *t*‐test, (**C** and **D**) One‐way ANOVA and (**E**) Chi‐square test for contingency analysis; \**P* \< 0.05, \*\**P* \< 0.005 and \*\*\**P* \< 0.001 compared to control.](BPA-30-732-g001){#bpa12829-fig-0001}

MiR‐1253 expression is silenced via hypermethylation in non‐SHH/WNT medulloblastomas {#bpa12829-sec-0023}
------------------------------------------------------------------------------------

Epigenetic mechanisms, like hypermethylation and acetylation, have been shown to underlie miRNA de‐regulation in cancer biology. ([15](#bpa12829-bib-0015){ref-type="ref"}, [24](#bpa12829-bib-0024){ref-type="ref"}, [26](#bpa12829-bib-0026){ref-type="ref"}) In studying the normal methylation pattern of miR‐1253, we first learned that pediatric cerebella sustained a substantially higher level of methylation than adult samples, providing preliminary insight into possible developmental regulation of miR‐1253 (Figure [2A](#bpa12829-fig-0002){ref-type="fig"}i). Second, when comparing overall methylation, the miR‐1253‐containing loci were hypermethylated in medulloblastoma compared to normal cerebella (Figure [2A](#bpa12829-fig-0002){ref-type="fig"}ii, Supporting Information Figure [S2A](#bpa12829-sup-0002){ref-type="supplementary-material"}i). Examining subgroup‐specific methylation patterns, we found that locus 4 was hypermethylated in both Groups 3 and 4 MB as compared to normal cerebellum and SHH MB (Figure [2A](#bpa12829-fig-0002){ref-type="fig"}iii, Supporting Information Figure [S2A](#bpa12829-sup-0002){ref-type="supplementary-material"}ii).

![*Epigenetic silencing of miR‐1253 by hypermethylation*. **A i‐iii**. Subgroup‐specific miR‐1253 methylation (SHH n = 5, Grp3 n = 8, Grp4 n = 13) compared to normal cerebellum (Ped CB n = 10, Adult CB n = 5). *miR‐1253 chr17 location: 2,651,372‐2,651,476*. Relative expression of miR‐1253 (**B**) and its targets (**C**) in HDMB03 and D425 cells treated with 5‐AzaC (5 µM) for 96 h. **D**. Analysis of proliferation after pre‐treatment with miR‐1253 inhibitor for 24 h followed by demethylation with 5‐AzaC (5 µM) over a 96‐h period. Data presented as mean ± SD and analyzed using Student's *t*‐test (or One‐way ANOVA for **Aiii**); \**P* \< 0.05, \*\**P* \< 0.005, and \*\*\**P* \< 0.001.](BPA-30-732-g002){#bpa12829-fig-0002}

We then studied the effect of de‐methylation on tumor cell proliferation in HDMB03 and D425 cells to determine if hypermethylation truly silenced miR‐1253 function. Treating cells with 5‐Aza‐2′‐deoxycytidine (5‐AzaC), a demethylating agent, resulted in the rapid recovery of miR‐1253 expression (with a subsequent downregulation of its targets) up to 96 h (Figure [2B and 2C](#bpa12829-fig-0002){ref-type="fig"}); and demethylated tumor cells demonstrated significant growth retardation over timeframe (Supporting Information Figure [S2B](#bpa12829-sup-0002){ref-type="supplementary-material"}). Since 5‐AzaC functions as a global demethylating agent, we wanted to demonstrate that specific demethylation of miR‐1253 was responsible for the anti‐proliferative effects observed. Hence, we treated HDMB03 and D425 cells with miR‐1253 inhibitor 24 h prior to de‐methylation with 5‐AzaC and performed a subsequent analysis of cell viability using the MTT and WST‐1 assays, respectively. Noting rapid recovery in proliferation (Figure [2D](#bpa12829-fig-0002){ref-type="fig"}), we confirmed a specific anti‐proliferative role for the de‐methylated "active" form of miR‐1253.

Restoration of miR‐1253 expression inhibits the growth of medulloblastoma cells {#bpa12829-sec-0024}
-------------------------------------------------------------------------------

Having demonstrated expression deregulation in MB cells via hypermethylation, we now wanted to study tumor cell behavior upon miR‐1253 expression restoration via ectopic expression in DAOY and HDMB03 cells, chosen for their adherent growth properties. Upon transient transfection with miR‐1253, expression was confirmed to be substantially higher in each cell line compared to scramble negative control at 72--96 h (Figure [3A](#bpa12829-fig-0003){ref-type="fig"}, Supporting Information Figure [S3A](#bpa12829-sup-0003){ref-type="supplementary-material"}). A subsequent assessment of cell proliferation during this time frame showed a significant growth inhibitory effect of miR‐1253 expression in 5 different medulloblastoma cell lines, most pronounced at 100 nM concentration of miR‐1253 mimic after 48 h (Figure [3B](#bpa12829-fig-0003){ref-type="fig"}, Supporting Information Figures [S1C--D](#bpa12829-sup-0001){ref-type="supplementary-material"}, [S3B--C](#bpa12829-sup-0003){ref-type="supplementary-material"}, and [S4D](#bpa12829-sup-0004){ref-type="supplementary-material"}). To further evaluate miR‐1253's growth inhibitory effects, cell lines were pre‐treated with a miR‐1253 inhibitor prior to transfection with mimic. Pre‐treated cells returned to their wild‐type proliferative state, thus confirming miR‐1253's anti‐proliferative properties in medulloblastoma cells (Figure [3C](#bpa12829-sup-0003){ref-type="supplementary-material"}). Moreover, in miR‐1253‐transfected HDMB03 and DAOY cells, the number of tumor cell colonies was substantially reduced (Figure [3D](#bpa12829-fig-0003){ref-type="fig"}, Supporting Information Figure [S3D](#bpa12829-sup-0003){ref-type="supplementary-material"}).

![*Negative trophic effects of miR‐1253 expression restoration in medulloblastoma tumor cells*. Adherent medulloblastoma cell lines, DAOY and HDMB03, were transiently transfected with miR‐1253 mimic (50 or 100 nM) for up to 72 h and subsequent functional studies performed. **A**. Expression restoration of miR‐1253 at 72 h after transient transfection. **B**. Tumor cell proliferation examined over a 48‐h time frame with mimic alone and (**C**) with inhibitor + mimic (100 nM). **D**. Assessment of colony formation in transfected HDMB03 cells seeded in six‐well plates for nine days followed by methanol fixation and crystal violet staining. Representative images of cancer cell colonies presented at 10× magnification. **E**. Wound healing "scratch" assay with cell migration‐to‐wound closure monitored up to 48 h. For migration/invasion assays, transfected cells were reseeded in transwells coated with or without matrigel. Total number of migrating cells (**F**) or those invading through the matrigel layer (**G**) were quantified after overnight incubation. Data presented as mean ± SD from experiments done in triplicates and analyzed using One‐way ANOVA; \**P* \< 0.05, \*\**P* \< 0.005 and \*\*\**P* \< 0.001.](BPA-30-732-g003){#bpa12829-fig-0003}

To examine the effect of miR‐1253 overexpression on cell motility, we studied wound healing, tumor cell migration, and invasion. Delayed wound closure was observed at 48 h in miR‐1253‐transfected HDMB03 and DAOY cells at both mimic concentrations (Figure [3E](#bpa12829-fig-0003){ref-type="fig"}, Supporting Information Figure [S3E](#bpa12829-sup-0003){ref-type="supplementary-material"}). Similarly, for migration and invasion assays, a significantly lower number of miR‐1253‐transfected tumor cells were present in the lower chamber as compared with scramble‐negative controls for both cell lines at both mimic concentrations (Figure [3F](#bpa12829-fig-0003){ref-type="fig"}--G, Supporting Information Figure [S3F--G](#bpa12829-sup-0003){ref-type="supplementary-material"}). These results signify that miR‐1253 possesses tumor‐suppressive properties by diminishing the migratory and invasive properties of cancer cells *in vitro*.

MiR‐1253 inhibits mediators of cellular proliferation and promotes tumor cell apoptosis {#bpa12829-sec-0025}
---------------------------------------------------------------------------------------

Aberrant regulation of the CDK 4/6/cyclin D pathway can lead to unchecked progression of cells through the cell cycle and is linked to medulloblastoma pathophysiology ([8](#bpa12829-bib-0008){ref-type="ref"}). In fact, this pathway has shown promise as a target for inhibition in xenograft models of SHH and Group 3 medulloblastomas ([8](#bpa12829-bib-0008){ref-type="ref"}). In DAOY and HDMB03 cells, a substantial reduction in CDK4, CDK6 and cyclin‐D1 (no change in CDK2) were noted in the presence of miR‐1253 overexpression (Figure [4A](#bpa12829-fig-0004){ref-type="fig"}). As specific mediators of the G~0~/G~1~ phase of the cell cycle, we confirmed cell cycle arrest at G~0~/G~1~ phase in HDMB03 cells by FACS (Figure [4B](#bpa12829-fig-0004){ref-type="fig"}). Conversely, in miR‐1253 inhibitor‐transfected tumor cells, expression levels of CDK4/6 surpassed control (Supporting Information Figure [S4B](#bpa12829-sup-0004){ref-type="supplementary-material"}). Similarly, phosphorylated AKT plays a critical regulatory role not only in cellular proliferation, but also in differentiation and apoptosis, and has been shown to be activated in common malignancies ([12](#bpa12829-bib-0012){ref-type="ref"}). MiR‐1253 transfection reduced the ratio of phosphorylated AKT to total AKT by nearly 50% (Figure [4A](#bpa12829-fig-0004){ref-type="fig"}). Taken together, these data provide biochemical corroboration of the inhibitory effects of miR‐1253 on proliferation shown in our functional assays.

![*Effect of miR‐1253 expression restoration on cell cycle and apoptosis*. DAOY and HDMB03 cells were transiently transfected with miR‐1253 mimic or scramble as described previously; biochemical analyses were conducted at 72 h. **A**. Western blotting expression analysis of markers of tumor cell proliferation with incremental changes in the ratio of phospho‐AKT to total AKT tabulated. **B**. Cell cycle analysis in HDMB03 cells by flow cytometry. **C**. Assessment of early vs. late apoptosis by flow cytometry, and (**D**) Western blotting analysis of standard makers of apoptosis with tabulated ratios between cleaved and total proteins in both cell lines. **E**. Given the high myc expression in HDMB03 cells, the ratio of phospho‐c‐Myc‐T58 vs. phospho‐c‐Myc‐S62 was further studied in HDMB03 cells. Data presented as mean ± SD from experiments done in triplicates and analyzed using Student's *t*‐test; \**P* \< 0.05, \*\**P* \< 0.005 and \*\*\**P* \< 0.001.](BPA-30-732-g004){#bpa12829-fig-0004}

We then explored the role of apoptosis in the anti‐proliferative function of miR‐1253. Based on Annexin‐V/Cy™5 staining, we found an elevation in late apoptosis in DAOY and HDMB03 cells transfected with miR‐1253 (Figure [4C](#bpa12829-fig-0004){ref-type="fig"}). Common markers for apoptosis experienced a rise, specifically in the ratio of cleaved PARP:PARP and cleaved caspase‐3:caspase‐3, with a concomitant decrease in the anti‐apoptotic marker, Bcl‐2, in DAOY and HDMB03 cells transfected with miR‐1253 (Figure [4D](#bpa12829-fig-0004){ref-type="fig"}); these results were recapitulated in D341 and D425 cells (Supporting Information Figure [S4A](#bpa12829-sup-0004){ref-type="supplementary-material"}).

Of note, miR‐1253‐transfected HDMB03 cells showed differential expression of c‐myc phosphorylation states. C‐myc phosphorylated at serine 62 leads to increased c‐myc stability, a hallmark of tumor aggressiveness; conversely, c‐myc phosphorylated at threonine 58 destabilizes the pro‐oncogenic protein, leading to its ubiquitin‐mediated degradation, with subsequent cellular apoptosis ([16](#bpa12829-bib-0016){ref-type="ref"}). MiR‐1253 transfection led to a sharp rise in phosp‐c‐myc‐T58 vs. phospho‐c‐myc‐S62 in HDMB03 cells, further corroborating the elevated apoptosis seen with miR‐1253 expression in this cell line (Figure [4E](#bpa12829-fig-0004){ref-type="fig"}). Collectively, these results indicate that the anti‐tumorigenic effects of miR‐1253 involve cell cycle arrest and apoptosis.

CDK6 and CD276 (B7‐H3) are oncogenic targets of miR‐1253 {#bpa12829-sec-0026}
--------------------------------------------------------

MicroRNAs typically exert an inhibitory effect on protein expression. A better understanding of the anti‐tumorigenic properties of miR‐1253 may be garnered by isolating and studying its putative oncogenic targets. Using online computational prediction tools, we identified 433 common targets for miR‐1253. Comparing these targets to genes sustaining significant downregulation in miR‐1253‐transfected HDMB03 cells narrowed the list to 47 candidates (Figure [5A](#bpa12829-fig-0005){ref-type="fig"}, Supporting Information Figure [S5A](#bpa12829-sup-0005){ref-type="supplementary-material"}). Hierarchical clustering and pathways analysis revealed that the differentially expressed genes were mostly involved with cell growth, division, and motility (Supporting Information Figure [S5B](#bpa12829-sup-0005){ref-type="supplementary-material"}). Among the relevant targets, CDK6 and CD276 were of particular interest given their established role as poor prognostic markers in medulloblastoma ([11](#bpa12829-bib-0011){ref-type="ref"}, [33](#bpa12829-bib-0033){ref-type="ref"}, [40](#bpa12829-bib-0040){ref-type="ref"}, [50](#bpa12829-bib-0050){ref-type="ref"}). Both proteins were noted to be highly upregulated across medulloblastoma subgroups (Supporting Information Figure [S5C--D](#bpa12829-sup-0006){ref-type="supplementary-material"}). Moreover, both proteins have shown promise in pre‐clinical studies (CART cell therapy targeting CD276) and clinical trials (palbociclib as a CDK4/6 inhibitor) in high‐risk MB ([8](#bpa12829-bib-0008){ref-type="ref"}, [28](#bpa12829-bib-0028){ref-type="ref"}).

![*Isolation of oncogenic targets of miR‐1253*. **A**. Common miR‐1253 target genes ([47](#bpa12829-bib-0047){ref-type="ref"}) that sustain significant expression reduction (*P* \< 0.05) with miR‐1253 treatment (in HDMB03 cells) when compared with three online miR target databases with heatmap expression patterns included (adult normal n = 4, pediatric normal n = 7, SHH n = 5, Grp3 n = 9, Grp4 n = 13). **B**. Survival (Cavali *et al., *gse85217) and expression analysis for CDK6 and CD276 using the R2 platform (<https://hgserver1.amc.nl/cgi-bin/r2/main.cgi>). Nl CB, Roth *et al* 2008 (n = 9, [gse3526](http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=gse3526)); MB 1, Gilbertson *et al.* 2012 (n = 76, [gse37418](http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=gse37418)); MB 2, Pfister *et al* 2017 (n = 223); MB 3, Kool *et al* 2009 (n = 62, [gse10327](http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=gse10327)); MB4, Delattre *et al* 2012 (n = 57). **C**. mRNA transcript and protein levels for CDK6 and CD276 with miR‐1253 transfection in HDMB03 cells. **D**. Dual‐luciferase reporter assays confirming direct binding of miR‐1253 to 3′ UTR region of CDK6 and CD276 in HDMB03 cells. **E, F**. Subgroup‐specific comparison of CDK6 and CD276 expression between normal cerebellum (pedi CB n = 10, adult CB n = 5) and medulloblastoma (SHH n = 3, Grp3 n = 6, Grp4 n = 10) by immunohistochemistry. Representative micrographs at 10× magnification; scale bars 400 μm. Data presented as mean ± SD from experiments done in triplicates and analyzed using one‐way ANOVA; \**P* \< 0.05, \*\**P* \< 0.005, and \*\*\**P* \< 0.001.](BPA-30-732-g005){#bpa12829-fig-0005}

Using an online genomics analysis and visualization platform (R2), we confirmed that high expression of CDK6 and CD276 negatively impacted overall survival (Figure [5B](#bpa12829-fig-0005){ref-type="fig"}). MiR‐1253 transfection downregulated expression of CDK6 and CD276 (Figure [5C](#bpa12829-fig-0005){ref-type="fig"}), which both directly bind to miR‐1253 as observed using the luciferase reporter assay (Figure [5D](#bpa12829-fig-0005){ref-type="fig"}). Immunohistochemistry in tumor samples revealed a high expression of CDK6 (Figure [5E](#bpa12829-fig-0005){ref-type="fig"}) and CD276 (Figure [5F](#bpa12829-fig-0005){ref-type="fig"}) in medulloblastoma tissues compared to normal cerebellum. Together, these data confirm CDK6 and CD276 as targets of miR‐1253 and implicate them in medulloblastoma pathophysiology.

Silencing miR‐1253 targets, CDK6 and CD276, inhibits the growth of medulloblastoma cells {#bpa12829-sec-0027}
----------------------------------------------------------------------------------------

To further evaluate the pro‐tumorigenic properties of CDK6 and CD276, *in vitro* assays were conducted in the presence of siRNA targeting each protein (Figure [6A](#bpa12829-fig-0006){ref-type="fig"}). Given the role of CDK6 as a terminal component of the cell cycle, colony formation was studied in the presence of si‐CDK6. Similarly, given the role of CD276 as a mediator of metastasis, tumor cell migration and invasion were studied in the presence of si‐CD276. Si‐CDK6 reduced colony formation by \~50% in HDMB03 cells (Figure [6B](#bpa12829-fig-0006){ref-type="fig"}). Similarly, in the presence of si‐CD276, wound healing (Figure [6C](#bpa12829-fig-0006){ref-type="fig"}), migration and invasion (Figure [6D](#bpa12829-fig-0006){ref-type="fig"}) were substantially reduced in tumor cells. These studies purport pro‐oncogenic roles for CDK6 and CD276 in medulloblastoma, supporting similar findings from prior studies ([50](#bpa12829-bib-0050){ref-type="ref"}).

![*Silencing CDK6 and CD276 and medulloblastoma tumor cell behavior*. **A**. Effect of transfection of HDMB03 cells with si‐CDK6 or si‐CD276 (50 and 100 nM) on target gene expression at 72 h. **B**. Colony formation assessment in HDMB03 cells transfected with si‐CDK6 (50 and 100 nm). Transfected cells were reseeded in six‐well plates 24 h after transfection for nine days followed by methanol fixation and crystal violet staining. Stain was extracted and quantified at 590 nm. Representative images of cancer cell colonies presented at 10× magnification. To examine migratory potential, HDMB03 cells transfected with si‐CD276 (50 and 100 nM) were studied using the (**C**) wound healing "scratch" assay and the (**D**) trans‐well migration and invasion assays. Data presented as mean ± SD from experiments done in triplicate and analyzed using one‐way ANOVA; \**P* \< 0.05, \*\**P* \< 0.005 and \*\*\**P* \< 0.001.](BPA-30-732-g006){#bpa12829-fig-0006}

DISCUSSION {#bpa12829-sec-0028}
==========

MiR genes located in regions of genomic instability have been implicated in various cancers ([5](#bpa12829-bib-0005){ref-type="ref"}, [42](#bpa12829-bib-0042){ref-type="ref"}). Locus 17p13.3 is a site of haploinsufficiency in Groups 3 and 4 tumors and harbors a number of important tumor suppressor genes ([4](#bpa12829-bib-0004){ref-type="ref"}, [9](#bpa12829-bib-0009){ref-type="ref"}, [13](#bpa12829-bib-0013){ref-type="ref"}, [31](#bpa12829-bib-0031){ref-type="ref"}). Two recent reports provided strong support for such a role for miR‐1253, found on the terminal end of 17p13.3 ([14](#bpa12829-bib-0014){ref-type="ref"}, [25](#bpa12829-bib-0025){ref-type="ref"}). MiR‐1253 is predominantly found in the cerebellum ([32](#bpa12829-bib-0032){ref-type="ref"}). Its putative targets are the bone morphogenic proteins that encourage the proliferation of granule cell precursors culminating in the development of the external granule layer ([49](#bpa12829-bib-0049){ref-type="ref"}). With epigenetic silencing of miR‐1253, the proliferative effects of BMPs could go unopposed, subverting normal cerebellar development and facilitating phenotypic transformation into medulloblastoma.

Here, we have presented a systematic study of the tumor‐suppressive properties of miR‐1253 using a combination of *in silico*, *in vitro* and *ex vivo* analyses in medulloblastoma. Our initial expression analysis of normal and medulloblastoma‐afflicted cerebella revealed significantly lower levels of miR‐1253 in all pathologic tissues, regardless of subgroup, a finding recapitulated *in vitro* and confirmed using *in situ* hybridization. Epigenetic changes commonly contribute to the deregulation of miR expression, most commonly via acetylation or hypermethylation ([5](#bpa12829-bib-0005){ref-type="ref"}, [44](#bpa12829-bib-0044){ref-type="ref"}). Our methylation studies uncovered an interesting pattern of hypermethylation unique to Group 3 and 4 MB, particularly along locus 4. While de‐methylation led to reduced tumor cell growth, rescue of tumor cell proliferation in the presence of a specific miR‐1253 inhibitor confirmed hypermethylation as an epigenetic silencing mechanism for miR‐1253 in Group 3 and 4 MB.

That SHH MB, which does not sustain any chromosomal 17 aberrations or hypermethylation at the miR‐1253 locus, also demonstrates miR‐1253 silencing warrants further study, especially since all functional and biochemical studies in an SHH‐type cell line (DAOY) recapitulated findings in Group 3 and 4 cell lines. Corroborating our findings of miR‐1253 expression dysregulation in SHH MB, purported targets of miR‐1253 (ALX4, TGIF) possessing oncogenic properties have been found to be overexpressed in this subgroup ([21](#bpa12829-bib-0021){ref-type="ref"}).

Regarding tumor virulence, transient transfection with miR‐1253 reduced tumor cell aggressiveness as evidenced by lower proliferative, migratory, and invasive properties, akin to miR‐1253 de‐regulation in NSCLC ([25](#bpa12829-bib-0025){ref-type="ref"}). Delving into the biochemical basis for these phenotypic changes revealed elevated apoptosis and dysregulation of G~0~/G~1~ cell cycle checkpoint regulatory kinases, i.e., CDK4, CDK6, cyclin D1, along with pAKT. Previous studies have highlighted the PI3K/AKT pathway in cell cycle progression through G~1~ and described dysregulation of checkpoint kinases underlying aberrant cell proliferation ([23](#bpa12829-bib-0023){ref-type="ref"}, [30](#bpa12829-bib-0030){ref-type="ref"}). Ectopic miR‐1253 expression increased the proportion of late apoptotic cells, reduced bcl2 levels, and increased cleaved PARP, cleaved caspase‐3, and p‐T58‐c‐myc species, consistent with higher apoptosis. Taken together, miR‐1253 expression dramatically reduced tumor cell aggressiveness while potentiating cellular turnover by arresting cells at the G~0~/G~1~ phase of the cell cycle.

We then identified 2 critical miR‐1253 targets with cell proliferative properties: CDK6 and CD276. Aside from demonstrating direct binding to miR‐1253, we also showed a reduction in expression of both targets via miR‐1253 overexpression and de‐methylation. Cyclin D‐dependent kinases 4 and 6 play an important role in mammalian cell proliferation by driving the progression of cells through S phase via interaction with the D‐type cyclins (D1, D2, and D3) in G~1~ ([47](#bpa12829-bib-0047){ref-type="ref"}). High expression of CDK6 is a confirmed poor prognostic marker in medulloblastoma ([33](#bpa12829-bib-0033){ref-type="ref"}, [50](#bpa12829-bib-0050){ref-type="ref"}). Tumor tissues with low miR‐1253 expressed high levels of CDK6; restoring miR‐1253 expression reduced CDK4/6 and cyclinD1, further providing support that miR‐1253 expression restoration inhibits cell growth, potentially via direct inhibition of CDK6.

CD276/B7‐H3 is an immune checkpoint receptor, highly expressed in solid tumors, and contributes to immune evasion and metastasis ([11](#bpa12829-bib-0011){ref-type="ref"}, [40](#bpa12829-bib-0040){ref-type="ref"}). In NSCLC, its high expression has been correlated with high metastatic potential and worse prognosis ([29](#bpa12829-bib-0029){ref-type="ref"}). A growing body of evidence suggests that CD276 plays an important role in migration, invasion, angiogenesis and the epithelial‐mesenchymal transition (EMT) by deregulation of MMP‐2, MMP‐9 and VEGF expression ([20](#bpa12829-bib-0020){ref-type="ref"}). In hepatocellular carcinoma, the JAK2/STAT3/SLUG axis has been implicated in CD276‐mediated invasiveness ([17](#bpa12829-bib-0017){ref-type="ref"}). We have shown that both miR‐1253 restoration and CD276 silencing reduce the migratory and invasive potential of medulloblastoma cells.

Not only have both miR‐1253 targets been implicated in medulloblastoma tumor aggressiveness, but they are also the basis for new targeted therapies. For example, the CDK4/6 inhibitor, palbociclib, has demonstrated therapeutic efficacy in SHH and Group 3 pre‐clinical mouse models, with a current clinical trial underway combining it with chemotherapy in pediatric recurrent/refractory medulloblastoma (NCT03709680) ([8](#bpa12829-bib-0008){ref-type="ref"}). Similarly, chimeric antigen receptor (CAR) T‐cell therapy targeting CD276 has most recently shown favorable outcomes against pediatric medulloblastoma in xenograft models, though clinical trials are pending ([28](#bpa12829-bib-0028){ref-type="ref"}).

In conclusion, our studies have not only uncovered the tumor‐suppressive role of miR‐1253 in MB, but also an epigenetic silencing mechanism in Groups 3 and 4 MB, and two deregulated oncogenic targets; both targets have been confirmed as markers of poor prognosis in medulloblastoma and are currently being used to develop molecularly targeted therapies. These promising therapies provide proof‐of‐principle that targeting the upstream miR that controls their expression could hold potential for high therapeutic benefit. Together, our data and the work of others strengthen our initial proposition for the use of miR‐based therapies in the treatment of medulloblastoma.
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###### 

**Figure S1.** *MiR‐1253, a putative tumor suppressor gene in medulloblastoma*. **A**. Relative base‐pair positions of candidate tumor suppressor genes on chromosome 17p13.3. ABR, activated BCR‐related; HIC1, hypermethylated in cancer 1; MNT, Max‐binding protein; OVCA1/2, ovarian carcinoma 1 and 2; PAFAH1B1, platelet activating factor acetyl‐hydrolase 1b regulatory subunit 1; RPA1, replication protein A1; SMYD4, SET and MYND domain containing 4; TUSC5, tumor suppressor candidate 5; VPS53, vacuolar protein sorting‐associated protein 53 homolog; YWHAE, 14‐3‐3 protein epsilon; miR, microRNA. **B**. MiR‐1253 expression assessment by *in situ*hybridization in normal cerebellum, SHH, group 3 and 4 medulloblastomas. Micrographs from **Figure 1E** presented here at 40x magnification, scale bars 100 um. **C**. Growth curves from plotted raw O.D. values for MB cell lines transfected with miR‐1253. **D**. Analysis of scramble miR transfection on cell viability in HDMB03 cells. Cell viability of untransfected HDMB03 cells (NC) compared with scramble‐transfected (Scr, 100 nM), and cells transfected with 100 nM miR‐153 mimic demonstrating lack of toxicity with scramble transfections.

###### 

Click here for additional data file.

###### 

**Figure S2.** *Epigenetic silencing of miR‐1253*. **A**. Subgroup‐specific miR‐1253 methylation patterns (SHH n = 10, Grp3 n = 7, Grp4 n = 12) in a second cohort of patients (procured from collaborators at University of Colorado Anschutz Medical Campus). Analyses carried out in comparison to normal pediatric cerebellum (n = 10) presented in **Figure 2**. *miR‐1253 chr17 location: 2,651,372‐2,651,476*. **B**. Assessment of growth in HDMB03 and D425 cells treated with varying concentrations of 5‐AzaC (1--5.0 μM) over a 96‐h period. Data presented as mean ± S.D from experiments done in triplicates and analyzed using One‐way ANOVA (or Student's *t*‐test for **Ai**); \**P* \< 0.05, \*\**P* \< 0.005, and \*\*\**P* \< 0.001.
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Click here for additional data file.

###### 

**Figure S3.** *Additional analyses of the negative trophic effects of miR‐1253 in medulloblastoma cells*. **A**. MiR‐1253 expression assessed by RT‐PCR 96 hours after transfection. **B, C.** Tumor cell proliferation examined over a 72‐hour time frame in (**B**) DAOY, HDMB03 and **(c)** D341, D425 cells. Assessment of (**D**) colony formation, (**E**) wound healing, (**F**) migration and (**G**) invasion in scramble vs miR‐1253‐transfected DAOY cells. Data presented as mean ± SD from experiments done in triplicates and analyzed using One‐way ANOVA with \**P* \< 0.05, \*\**P* \< 0.005 and \*\*\**P* \< 0.001.
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###### 

**Figure S4.** *Further biochemical analysis of the effects of miR‐1253 expression restoration in MB tumor cells*. **A**. Western blotting analysis of markers of apoptosis in transiently transfected D341 and D425 cells with tabulated ratios between cleaved and total proteins. **B**. DAOY and HDMB03 cells transfected with miR‐1253 mimic and inhibitor separately to study the effect on expression of cell cycle markers, CDK4 and CDK6. **C--E**. D283 cell were transfected with miR‐1253 mimic (100 nM); cell proliferation assay and expression of miR‐1253 targets, CDK6 and CD276 (Western blot), evaluated thereafter.
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Click here for additional data file.

###### 

**Figure S5**. Putative oncogenic targets and deregulated pathways associated with miR‐1253 silencing. **A**. Expression analysis by RNA Sequencing of the 47 putative miR‐1253 targets isolated using 3 online miR databases compared to miR‐1253‐transfected HDMB03 cells. Of those observed to be significantly elevated in medulloblastoma are *CDK6*, *CD276*, *BAZ2A*, *UHRF1BP1*, *AGPAT5*, *TOP2A*, *PRKAA1*, *AMOTL1*, *BML4*, *MLEC*, *ECT2*, *KPNA1*, *MED13*, *POLDIP3*, *NFE2L1*, *TSG101*, *PYCR1* and *PHB*. **B**. Enriched cellular/biological pathways associated with the 47 unique miR‐1253 targets identified using gene ontology category from consensus path DB (<http://cpdb.molgen.mpg.de/>). Pathways represented as an inverted bar graph based on the −log *P* values with threshold *P *\< 0.05. **C, D**. Specific expression of CDK6 and CD276 in our medulloblastoma patient cohort (adult normal n = 4, pediatric normal n = 7, SHH n = 5, Grp3 n = 9, Grp4 n = 13).
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